The efficacy of a neurosurgical navigation system using three-dimensional composite computer graphics (CGs) of magnetic resonance (MR) and computed tomography (CT) images was evaluated in skull base surgery. Three-point transformation was used for integration of MR and CT images. MR and CT image data were obtained with three skin markers placed on the patient's scalp. Volume-rendering manipulations of the data produced three-dimensional CGs of the scalp, brain, and lesions from the MR images, and the scalp and skull from the CT. Composite CGs of the scalp, skull, brain, and lesion were created by registering the three markers on the three-dimensional rendered scalp images obtained from MR imaging and CT in the system. This system was used for 14 patients with skull base lesions. Threepoint transformation using three-dimensional CGs was easily performed for multimodal registration. Simulation of surgical procedures on composite CGs aided in comprehension of the skull base anatomy and selection of the optimal approaches. Intraoperative navigation aided in determination of actual spatial position in the skull base and the optimal trajectory to the tumor during surgical procedures.
Introduction
Safe resection of lesions in the anatomically complex region of the skull base ultimately depends on the skill and experience of the surgeon, but intraoperative guidance systems utilizing mechanical articulated arms, free-floating probes, or navigational microscope can be useful in skull base surgery. 1, 2, [4] [5] [6] 8) Neither brain nor soft tissue shifts reduce the accuracy of the navigation system in the skull base area. A navigation system is helpful even for large cranial base lesions. 5) The use of a navigation system was evaluated in a series of 325 cases, finding that the navigation system was most useful during resection of skull base lesions. 4) We have developed a neurosurgical navigation system using three-dimensional composite computer graphics (CGs) derived from magnetic resonance (MR) and computed tomography (CT) images. 7) These three-dimensional composite CGs of the scalp, brain, skull, and lesions allow preoperative simulation of the surgical procedures and intraoperative navigation. This system was used during open brain surgery for 85 patients, including 14 patients with skull base lesion.
Materials and Methods

I. System design
The system (EVANS; Tomiki Medical Instrument Co., Ltd., Kanazawa) was reported in detail previously. 7) Briefly, the arm-based frameless stereotactic system provides real-time anatomical and position information to the surgeon. The articulated arm has six degrees of freedom and carries an interchangeable probe shaped like a bayonet on its tip (Fig. 1) . The axis of the terminal joint is aligned with the direction from the holder of the arm to the probe tip, so no rotation of this joint can alter the tip position. Therefore, the surgeon can observe the actual spatial position of the tip and direction of the probe in relation to the images of the patient. The bayonet probe can be passed through narrow openings and does not obstruct the view of deep structures during microscopic neurosurgical procedures. Furthermore, the arm is provided with a counterbalancing weight, so the surgeon can easily hold and manipulate the probe in one hand and surgical instruments in the other hand.
II. Imaging protocol
Imaging studies were performed a few days before the surgical procedure. Fiducial markers were applied to the scalp using 3-mm cotton balls soaked in oil, or recently clofibrate capsules, for MR imaging, and 3-mm acrylic balls for CT. At least five markers were placed on region surrounding the surgical field. These sites were labeled with India ink for use in image registration at surgery. In addition, three markers were placed on the nasion and in the meatus of the bilateral ears to determine reference coordinates for the MR and CT images. MR imaging was performed with the following parameters for T 1 -weighted images: volumetric gradient echo pulse sequence; flip angle, 40 degrees; repetition time, 40 msec; echo time, 5 msec; 256 × 256 image matrix; field of view, 270 mm; and 120 contiguous sagittal slices of 1.5 mm thickness. The imaging protocol for CT used 2-mm thick slices with table increments of 3 mm.
III. Image integration
The MR and CT image data were entered in the graphic workstation and subjected to volumerendering and surface-rendering manipulations to produce three-dimensional CGs of the skin, brain, and lesions from the MR images, and of the skin and skull from the CT images. Three-point transformation was used for integration of the MR and CT images. Spatial matching of the MR and CT images used the three fiduciary points at the nasion and in the meatus of the bilateral ears on the three-dimensional CGs of the skin reconstructed from the MR and CT images. This process easily provided composite three-dimensional CGs of the MR and CT images, which were used for preoperative simulation of the surgical procedures and intraoperative navigation of the scalp, brain, lesion, and skull.
Results
This system was used for 14 patients with skull base lesions ( Table 1 ). The bayonet probe could easily be placed in narrow surgical fields without obstructing the microscopic view of deep structures. Six transsphenoidal procedures were performed on four cases of pituitary adenoma, one of Rathke's cleft cyst, and one of clival chordoma, including two reoperations and one for poor pneumatization of the sphenoid sinus.
The three-dimensional composite CGs were easily be created using the three-point transformation process. No distortion of the MR images was recognized with the imaging parameters used in this system, and there was no effect on the accuracy of the spatial matching of MR and CT images. The threedimensional CGs of the scalp reconstructed from MR and CT images required only 5 minutes to create using the three-point transformation process. Preoperative reconstruction of the three-dimensional composite CGs required about 1 hour, including data transfer and segmentation of the brain, vessels, lesion, and skull. The composite CGs were useful for understanding the skull base anatomy. Figure 2 shows a working display and a magnified intraoperative view via the anterior transpetrosal approach in a patient with trigeminal neurinoma. Navigation in Skull Base Surgery
The probe tip could easily be placed in the narrow surgical field and pointed at the tumor. The position of the probe tip was monitored on the three-dimensional composite CGs and on the three reformed planes (axial, coronal, and sagittal) of the MR and CT images as well. Our system provided useful information concerning expansion of the tumor in the skull base and optimal approaches, and was helpful in determining the adequate extent of resection of the petrous bone and the optimal trajectory to the tumor during the surgical procedures. Figure 3 shows a working display and a magnified intraoperative view via the transsphenoidal approach in a patient with pituitary adenoma. The position of the probe tip was monitored on the triorthogonal reconstruction (Fig. 3A) and the threedimensional composite CGs of the MR and CT images (Fig. 3C) . We could safely confirm the appropriate trajectory to the sella and locate the midline. The system was useful for confirming the trajectory to the sella and locating the anatomic midline, especially for patients requiring reoperation, in whom the landmarks had been destroyed, and for the patient with poor pneumatization of the sphenoid sinus. Figure 4A shows a preoperative MR image in a patient with clival chordoma. The patient underwent transsphenoidal removal of the tumor under guidance with the present system. No osteolytic change could be recognized on the clival bone. We could accurately determine the location of resection of the clival bone using the navigational system (Fig. 5A) . After resection of the clival bone, we could easily and safely remove the tumor. Figure 5B is a three-dimensional CT image showing the location of the clival bone resection. Postoperative MR imaging 
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revealed total removal of the tumor (Fig. 4B ).
Discussion
The articulated arm of our navigation system has an interchangeable bayonet probe, which can be used in deep structures through narrow openings, and a counterbalancing weight system so that the surgeon can hold and easily handle the probe. 7) Our navigation system could be conveniently used in skull base procedures without interfering with surgical procedures or limiting the operative field. The easy handling and unhindered microscope view permitted by our system are comparable to those achieved by an armless system and a microscope-based system. Most mechanical arm-based systems have accuracies of 1.5 to 3 mm. 4) The technical precision of our system was 1.4 mm, and was sufficiently accurate for intraoperative localization in our series of 85 cases. The sources of error in the use of mechanical arm-based systems are attributable to the registration process and to movement of the patient's head relative to the navigational system during the craniotomy, even when the mechanical arm is affixed to the operating table or the Mayfield clamp. 4) Using percutaneous bone screws or approximation of multiple randomized scalp surface points instead of fiducials can reduce the error during the registration process. 9) The reference points should be reregistered and the error corrected, if movement of the patient's head occurs relative to the navigational system or accuracy is reduced during the operation.
Recently, intraoperative guidance systems have been employed for transsphenoidal surgery. Such systems can provide continuous three-dimensional information on localization and surgical trajectory and obviate the need for intraoperative fluoroscopy. The intraoperative guidance system can be used for transsphenoidal surgery with minimal additional cost and time requirements. 3) Surgical landmarks are often difficult to determine in patients requiring reoperation or with poor pneumatization of the sphenoid sinus. However, we could safely confirm the appropriate trajectory to the sella and locate the anatomic midline using our system even in such cases. Continuous three-dimensional information on localization during intraoperative dissection provides constant awareness of the position of the surgical instrument and its relationship to the vital extrasellar structures when tumors extend laterally or superiorly beyond the sella.
Our system produces integrated three-dimensional MR and CT images, allowing simulation of the surgical procedures and intraoperative navigation using composite CGs of the scalp, brain, skull, and lesions. Preoperative assessment of the images obtained with our system aided in comprehension of the skull base anatomy and helped to select the optimal approaches. Intraoperative navigation helped to determine the actual spatial position in the skull base, the trajectory to the tumor, and the proximity of important anatomical structures. Image-guided surgery with three-dimensional composite CGs of MR and CT images effectively supported the surgeon in planning and performing skull base surgery, and may thus improve the quality and reduce the risks of complex skull base surgery.
